Abstract-A low-cost wideband textile antenna based on the substrate integrated waveguide (SIW) technology is proposed, and a pure copper taffeta fabric etched on a woolen felt substrate is used to realize the presented antenna. The impedance matching frequency band for the designed structure is from 2.27 GHz to 3.61 GHz which is significantly improved compared with previous studies. The operational principle of the proposed quasi-Yagi textile antenna is also described in this paper. The antenna is fabricated and measured, and a good agreement is achieved between the simulation and experimental results. The designed antenna has the maximum gain and efficiency of 4.2 dB and 84%, respectively. According to its compactness, low-cost and low-weight specifications, the proposed antenna is a good candidate for being utilized in wearable communication devices.
of 80 µm and surface resistance of R s = 0.05 Ω/sq has been established on both sides of the structure. A microstrip to SIW transition is designed by means of the parallel half-mode substrate integrated waveguide (HMSIW). In the fundamental-mode,the designed transition has better matching properties than the conventional ones. The structure is also composed of three parasitic elements, which act as antenna directors. These directors not only increase the antenna gain, but also play an important role to achieve wideband properties. Due to various current paths at different frequencies, in order to improve the frequency bandwidth, a bow-tie structure is utilized. All the procedures of antenna design are implemented using full-wave CST Microwave Studio 2016 [10] .
MANUFACTURING PROCEDURE
First, the designed layout is cut using a scalpel. Then, by using an adhesive, both conductive textiles of top and bottom layers are attached to the antenna substrate. The diameters of the vias inserted by brass eyelets are selected as d = 3.07 mm and the space of via centers are s = 6 mm. This issue causes a wearable capability and flexible performance for the proposed antenna. These brass eyelets have the flange diameter of D = 5.08 mm that is considered in our simulations. So, the reflection coefficient of the antenna does not shift forward. This brass eyelet is depicted in Figure 1 (c). Eventually a 50 Ω SMA port is connected to the upper layer. Conductive textile Flectron has good resistance against soldering. Finally, the photograph of fabricated antenna is illustrated in Figures 1(a) , (b).
EXPERIMENTAL RESULTS
The reflection coefficient of the antenna versus frequency is measured in an anechoic chamber using an Agilent E8361C PNA Microwave Network Analyzeras can be seen in the measurement setup in Figure 2 . . Therefore, the antenna shows a wideband behavior and its reflection coefficient is better than 5 dB from 2.19 GHz to 4 GHz. The measured results show that a slight upward frequency shift occurs which maybe is due to the imperfect connection between the connector and the antenna as well as the dispersive behavior of woolen felt material. According to the antenna orientation shown in Figure 1 , the electric field is directed along the x direction. The simulated and measured radiation patterns of this antenna along the endfire in the E-and H-planes at 2.4 GHz, 3.0 GHz and 3.6 GHz are demonstrated in Figures 4(a)-(f) . This figure illustrates that the simulated and measured results are in a good agreement. The other parameters such as antenna gains, front to back ratio (FTBR) and 3-dB beamwidth at E-and H-planes are also simulated, measured and given in Table 1 . The measured gain at 2.4 and 3.0 GHz is slightly higher than the simulated one, whereas the gain at 3.6 GHz is less. As represented in this table, the antenna gain at 2.4 GHz, 3.0 GHz and 3.6 GHz is averagely around 3.7 dB. The measured 3-dB beamwidth along the H-plane is narrower than that of simulation. As the frequency increases, the measured 3-dB beamwidth along the E-plane is also increased.
In order to evaluate the effects of the absorbed radiation on the human body, specific absorption 
in which ρ is the mass density, W the energy absorbed by the human tissue and V the volume of the studied sample. The antenna is placed at 15 mm distance from a three layered human body model in a 1 g and 10 g tissue. This three-layered model includes of a 3 mm thick skin, 7 mm thick fat and 60 mm thick muscle [11] . Figure 5 demonstrates the calculated SAR distribution for 1 g and 10 g tissues at three different frequencies in the considered frequency band. By supplying 0.5 W (rms) power to the input port, the SAR values over 10 g of the human tissue, are calculated according to IEEE C95.3 standard which is 1.67 W/kg at 2.4 GHz, 1.17 W/kg at 3.0 GHz and 0.29 W/kg at 3.6 GHz on average. These values are less than the average of 2 W/kg introduced by the European standards. In addition, the average SAR values over 1 g of the human tissue, are computed as 2.02 W/kg, 1.36 W/kg and 0.614 W/kg at 2.4, 3 and 3.6 GHz, respectively. The calculated values at 3.0 and 3.6 GHz are below the American and Canadian limits of 1.6 W/kg on average. To obey the SAR limits, the input power to the antenna should be less than 0.4 W (rms) at 2.4 GHz. According to the results, it is recommended to use this antenna for wearable applications like jackets, i.e., direct contact with the human body should be prohibited.
At the end, a comparison between the performances of the proposed antenna and previously reported structures is carried, out and the corresponding results are given in Table 2 . 
CONCLUSIONS
A wideband low-cost wearable antenna based on the substrate integrated waveguide technology and fully textile material was manufactured. This antenna was operated in a wideband frequency range from 2.31 GHz to 3.69 GHz (BW = 46%) including ISM, WIMAX, Bluetooth, RFID system and military bands. The mechanism of the investigated quasi-Yagi textile antenna was discussed in the paper. The antenna was fabricated and measured and a good agreement was obtained between the simulation and experimental results. The designed antenna had the maximum gain and efficiency of 4.2 dB and 84%, respectively. Considering its compactness, low cost and low weight, the proposed antenna has practical potentials for being utilized in wearable communication devices.
